Aims We evaluated the relationship of carbohydrate nutrition and selected food groups with lipids using data from the Insulin Resistance Atherosclerosis Study (IRAS Exam I, 1992 -1994 . Methods and results A total of 1026 middle-aged adults with normal or impaired glucose tolerance had complete data on fasting lipids and usual dietary intake from an interviewer-administered, validated food frequency questionnaire. Published glycaemic index (GI) values were assigned to food items and average dietary GI and glycaemic load (GL) were calculated per participant. Intake of carbohydrates differed by gender, men consuming more absolute digestible carbohydrates with higher GI and GL than women. In multivariate models adjusting for energy intake, in men, GL and carbohydrates were associated positively with total and LDL cholesterol, and inversely with HDL. In women, associations were limited to triglycerides. We estimated that a 100 g higher intake in GL or carbohydrates was associated with a 7-8 mg/dL higher total or LDL cholesterol level in men, and a 13-17 mg/dL higher triglyceride level in women. In the combined sample, GL and carbohydrates were consistently associated with all lipid levels and GI was inversely associated with HDL cholesterol. Conclusion Our findings underscore the importance of carbohydrate nutrition for plasma lipids.
Introduction
Plasma lipid concentrations are strong predictors of atherosclerosis and risk of coronary heart disease, hence, identification of modifiable behavioural factors, such as dietary intake has long been of interest. 1 Previous work on the modification of dietary fat intake in favour of carbohydrates revealed an advantageous plasma cholesterol profile. [2] [3] [4] [5] Concurrently, evidence has emerged on the detrimental effect of some carbohydrates, in particular fructose, on triglyceride levels. 6 Carbohydrate-containing foods differ systematically with respect to their effects on post-prandial glucose and insulin response, the differences in glucose response being quantified by the glycaemic index (GI). 7, 8 Opperman et al. 9 recently conducted an extensive meta-analysis of clinical trials evaluating the impact of low compared with high GI diets on lipid levels. However, from a population perspective associations are less clear. Several observational studies have shown an association of GI and a derived concept, the glycaemic load (GL) with both HDL cholesterol and triglycerides. [10] [11] [12] [13] [14] Less epidemiologic data exist on total cholesterol or LDL cholesterol in relation to either measure. [12] [13] [14] [15] The purpose of the present study was to examine the relationship of GI, GL, and intake of carbohydrates with plasma lipid levels in the Insulin Resistance Atherosclerosis Study (IRAS) population. Because specific food groups have been demonstrated to explain between 55 and 70% of variation in GI and GL in our population, 16 we additionally explored the relation of these food groups to plasma lipid levels.
Research design and methods

Study population
The design and methods of IRAS have been described in detail. 17 More than 1600 participants were recruited at four clinical centres (Los Angeles, CA, USA, Oakland, CA, USA, San Luis Valley, CO, USA, and San Antonio, TX, USA) between 1992 and 1994 for the baseline exam. The goal was to obtain nearly equal representation of participants across glucose tolerance status [normal, impaired glucose tolerance (IGT), non-insulin taking type 2 diabetes mellitus]; ethnicity [African American (AA), Hispanic (H), and non-Hispanic white (NHW)]; gender; and age (40-49, 50-59, and 60-69 years). Ethnicity was determined by self-report using 1990 U.S. census questions. At the Oakland and Los Angeles centres, NHW and AA subjects were recruited from Kaiser Permanente, a non-profit health maintenance organization. Centres in San Antonio and San Luis Valley recruited NHW and Hispanic-American (HA) subjects from two ongoing populationbased studies (the San Antonio Heart Study and the San Luis Valley Diabetes Study). The final sample consisted of 1624 individuals. All participants provided written informed consent as approved by their respective field centre's institutional review board.
We limited our analysis to 1071 adults with normal (66%) or IGT (34%). Of them 36 individuals (3%) were excluded due to missing lipid values and an additional nine (1%) were excluded due to missing data on covariates. Data presented are based on 1026 IRAS participants.
Data collection
IRAS required a two-visit protocol, the first to determine glucose tolerance status and the second to measure insulin sensitivity. Participants were asked to fast for 12 h prior to each of the two visits, abstain from heavy exercise and alcohol for 24 h, and refrain from smoking the morning of the visit. A 2 h, 75 g oral glucose tolerance test (Orange-dex, Custom Laboratories, Baltimore, MD, USA) was performed during the first visit, and World Health Organization criteria 18 were used to assign glucose tolerance status. Individuals currently taking oral hypoglycaemic medications were classified as having type 2 diabetes regardless of the results of the oral glucose tolerance test. Height and weight were measured in duplicate and recorded to the nearest 0.5 cm and 0.1 kg, respectively. Body mass index (BMI) was calculated as weight/height 2 (kg/m 2 ). Plasma lipid concentrations were determined from fasting plasma samples at the central IRAS laboratory (Medlantic Research Institute, Washington, DC, USA) using the Lipid Research Clinics methodology. Total cholesterol, LDL cholesterol, and HDL cholesterol were measured by the ß-quantification method and triglycerides were measured by enzymatic methods with the use of glycerol-free assays on a Hitachi autoanalyser.
Usual intake of foods and nutrients was assessed by interview using a 1 year, semi-quantitative 114-item food frequency questionnaire (FFQ) interview modified from the National Cancer Institute Health History and Habits Questionnaire to include regional and ethnic food choices across the four clinical centres. Participants were asked to recall usual intake of foods and beverages over the past year. Both the frequency of intake and the serving size were ascertained. Interviewers were centrally trained and certified, and audiotapes of interviews were reviewed quarterly. The validity and reproducibility of the IRAS FFQ to measure nutrient intake including total carbohydrate intake and fractions of carbohydrates (fructose, starch) have been demonstrated in a subset of the IRAS population. 19 Pearson correlation coefficients for FFQ carbohydrate estimates compared with eight 24 h recalls were moderate at r ¼ 0.39 unadjusted (r ¼ 0.37 adjusted for energy). A total of 33 food groups were created from the 114 line items of the FFQ based on similarities in food and nutrient composition as described previously. 20 Alcohol intake was evaluated separately using a frequency approach with additional questions about recent use and average lifetime use. Subjects were asked about their usual consumption of wine (red and white wine), beer, mixed drinks/mixers, and liquors. Frequency of consumption was expressed as servings per day standardized to a medium serving size.
Estimation of nutrients, GI, and GL
Daily nutrient and energy intake was estimated from the FFQ and the alcohol questionnaire using an expanded nutrient database (HHHQ-DIETSYS analysis software, version 3.0; NCI, Bethesda, MD, USA, 1993). All analyses of carbohydrates are based on digestible carbohydrates, which were calculated by subtracting fibre intake from total carbohydrate intake. We chose this approach to be in line with the approach to testing of GI values of foods, where measurements are based only on the carbohydrates that are absorbable, i.e. the digestible fraction. 7, 21 We assigned mean GI values based on the white bread standard from published data 21 and other available resources (T.W., personal communication) to all 114 FFQ line items plus three items assessed in the interview on alcohol consumption (beer, wine, liquors) plus several additional foods (that were identified in open-ended questions as being consumed more than once per week on the FFQ). Details of the GI and GL estimation procedures in our study have been published. 16 Average dietary GI was computed by summing the products of the digestible carbohydrate content per serving for each item multiplied by the average number of servings of that food per day, multiplied by its GI, and all divided by the total amount of digestible carbohydrate daily intake. 22 The average dietary GL was computed like the GI but without dividing by the total digestible carbohydrate intake but by 100.
Statistical analysis
For descriptive purposes, the mean and standard deviation were computed for continuous variables and the distribution was computed for categorical variables under study. Following evaluation of the distribution of continuous variables, log transformations of all lipid variables were used in subsequent analyses.
To evaluate the relation of the dietary exposures with plasma lipid levels, we conducted linear regression analyses because all variables under study were continuous in nature and no threshold effects were observed in descriptive analyses. Results were presented as beta coefficients and P-values stratified by gender and also for the combined sample. We evaluated the impact of potential effect modifiers, including age groups, ethnicity, and glucose tolerance status by first conducting stratified analyses and comparing the size and direction of the effect estimates followed by formal test of interactions. None of the above mentioned variables appeared to modify the diet-lipids associations.
The associations of carbohydrate-related dietary exposures were first described at the unadjusted level and subsequently adjusted for confounders. The covariates contained in the models were age, ethnicity/clinic, smoking, total energy expenditure, family history of diabetes, hypertension, BMI, glucose tolerance status, lipid-lowering medication, and energy from non-carbohydrates. These covariates were selected based on previous work in our and other study populations suggesting that they would likely confound the associations under study. Assumptions of linear regression were assessed by visual inspection of normal probability plots and plots of the residuals vs. predicted values and evaluation of Durban-Watson D values (ranged from 1.7 to 2.2). Based on our multivariable models, we also estimated the predicted increase in lipid outcome levels associated with a 100 g increase in GL and carbohydrates. This increase corresponds to roughly the interquartile range in the distribution.
For energy adjustment, we chose the energy partition method, which controls for the non-carbohydrate contribution of correlated foods 23, 24 because it allowed us to parse out the contribution of carbohydrates from non-carbohydrate sources such as protein and fat. Subsequently, we repeated this analysis using the residuals method for energy-adjustment and our conclusions were unchanged.
We have previously identified 14 food groups explaining the majority of inter-individual variation in GI and GL in IRAS, 16 from a total of 33 food groups. Detailed descriptions of these food groups have been published. 20 For the purposes of this manuscript, we extended these analyses to focus on digestible carbohydrates as well. Gender-specific stepwise linear regression modelling was used to detect the most predictive food groups explaining interindividual variation in digestible carbohydrates adjusting for age and ethnicity/clinic. For these analyses, a constant value of 1 was added to the food group intakes in order to be able to transform these to their natural logarithms, as for some food groups the intake was zero. We focused only on food groups explaining at least 1% of variation in the exposure variable. In a second step, we evaluated the association of the pertinent food groups with lipid outcomes, again using multivariable regression modelling. Because the food groups selected for these analyses explained substantial variation in GL and carbohydrate intake, we similarly adjusted for basic demographic variables, lipid-lowering medication, hypertension, family history of diabetes, BMI, glucose tolerance status, total energy expenditure, current smoking, and total caloric intake; all relevant confounders. Results were presented as beta coefficients and P-values stratified by gender. All analyses were performed using SAS version 8.2 (SAS Institute Inc., Cary, NC, USA).
Results
Descriptive characteristics of the study population are presented in Table 1 . The population of middle-aged adults comprised 43% males and 57% females. Mean levels of total and LDL cholesterol were 212 and 142 mg/dL, respectively, and were similar between genders (P ¼ 0.288 and 0.981, respectively). Concentrations of HDL cholesterol and triglycerides differed by gender, women displaying a healthier lipid profile (P , 0.001 and P , 0.001, respectively). There were noteworthy gender differences in dietary GI and GL and in carbohydrate intake. Men consumed a diet higher in GI (P , 0.001) and GL (P , 0.001) than women. Digestible carbohydrate intake was roughly 45 g higher in men than in women (P , 0.001). With respect to food groups predictive of interindividual variation in GL and carbohydrates, few gender differences were observed. Table 2 displays the association of GI, GL, and carbohydrate intake with plasma lipid concentrations in the combined sample and in men and women. In the combined sample, GI was inversely related to HDL cholesterol. GL was significantly associated with total and LDL cholesterol and triglycerides and inversely with HDL cholesterol. Associations were of similar magnitude and direction for digestible carbohydrates.
GI was not associated with any of the lipids in men, neither in the crude (data not shown) nor in the adjusted analyses shown. In contrast, higher dietary GL was associated positively and significantly with total and LDL cholesterol and inversely with HDL cholesterol levels. The trend for GL to predict triglycerides in men was not significant (P ¼ 0.079). The direction and magnitude of the association of digestible carbohydrates with total, LDL, and HDL cholesterol mirrored the associations observed for GL.
In women, no significant associations of GI with lipid concentrations were observed. Association of GL with total cholesterol and HDL cholesterol had the same direction as in men but did not reach statistical significance. Digestible carbohydrates were not associated with cholesterol levels in women. In women, the relationship of GL and HDL compared with carbohydrates and HDL appeared stronger and almost reached statistical significance. Both higher dietary GL and digestible carbohydrate intake were related to higher triglyceride levels both before and after multivariable adjustment. Figure 1 visualizes the impact of increasing the average daily GL by 100 or digestible carbohydrate intake by 100 g based on predicted lipid outcome levels from our above referenced multivariable models. Compared with the mean intake level of GL or carbohydrates, we estimated that the 100 g increase was associated with a 7-8 mg/dL increase of total cholesterol in men, a 7-8 mg/ dL increase of LDL cholesterol in men, a roughly 3 mg/dL decrease in HDL cholesterol levels in men, and a 13-17 mg/dL increase in triglyceride levels in women. Table 3 displays the food groups contributing at least 1% of the inter-individual variation in dietary GL and digestible carbohydrates by gender along with the respective partial R 2 values. For both men and women, food groups predictive of carbohydrate intake and dietary GL were white bread/low-fibre cereal, dark bread/highfibre cereal, rice/pasta, pastry, regular soft drinks, fruits, fruit juice, dried beans, and fries/fried potatoes. In men, salty snacks, beer, and sweets were additionally important. In women, low-fat milk and milk products and ice cream/frozen yogurt contributed also to variation in GL and digestible carbohydrates. Findings were very consistent for GL and carbohydrates. Findings for GI have been published previously. 16 The results of the final analyses that evaluated the role of carbohydrate/GL-relevant food groups in relation to plasma lipid levels in multivariable models are presented in Table 4 . In men, consumption of regular soft drinks (including lemonade and sweetened mineral water) was associated positively with total and LDL cholesterol and inversely with HDL cholesterol. HDL cholesterol levels in men were additionally associated inversely with fruit juice intake and pastry intake. Triglyceride levels were not significantly related to any carbohydrate-related food groups in men, but almost reached statistical significance with fruit juice intake. In women, a different pattern of food groups related to lipid levels emerged in the multivariable models. Rice and pasta intake was positively associated with total and LDL cholesterol. Pastry intake was also relevant for total cholesterol and marginally associated with LDL cholesterol. Triglyceride levels were positively related to fruit juice intake only. HDL cholesterol levels were unrelated to intake of carbohydrate-related food groups in women.
Discussion
In the IRAS population, a marked association of GL and carbohydrates with total, LDL, and HDL cholesterol was observed in men, and with triglyceride levels in women. In the combined sample these associations persisted. In addition, an inverse association of GI with HDL cholesterol emerged.
To our knowledge, only four larger epidemiologic studies of healthy adults have evaluated the effect of GL and GI on lipid levels. 11, 12, 14, 15 In addition, there are two smaller observational studies with less than 200 participants. 10, 13 Evaluating the current body of evidence is complicated by the fact that not all studies have evaluated a full range of lipid parameters, the focus having generally been on HDL cholesterol 10, 13, 15 and occasionally on triglycerides. 10, 11 Furthermore, only a subset of studies evaluated GL and GI in parallel. 10, 11, 13, 14 Finally, some analyses were limited to only one gender group. 10, [13] [14] [15] The most consistent observational findings to date are that decreased levels of HDL cholesterol have been associated with diets high in GL. 10, 11, 13 Similarly in IRAS, we observed a significant inverse association of GL with HDL in the combined sample and in men, but not in women. In IRAS, an association of GI with HDL cholesterol was seen only in the combined sample, but not in the genderstratified analyses. The exploration of the GI-HDL relation in observational research has yielded somewhat more variable findings; the majority of studies showing a significant inverse association with HDL cholesterol, [11] [12] [13] with others indicating a positive trend that lacked statistical significance. 10, 14 In addition, one study of elderly men found no evidence of an association of GI with total or HDL cholesterol. 15 Previous epidemiologic work does not support an association of total or LDL cholesterol and GI, 12-15 which we confirmed in IRAS in both men and women. Interestingly, strikingly few studies have focused on GL in this context. Two studies in women found no association. 13, 14 Similarly, in IRAS, we found no association of GL with total or LDL cholesterol in women. In contrast, however, a strong positive association was observed in men and in the combined sample. Of note, epidemiologic evidence here differs from the majority of intervention studies and meta-analyses thereof, which do support an association of GI with total cholesterol. 25 One reason for this discrepancy may lie in the fact that experimental studies achieve dietary GI values well below those present in observational studies of populations choosing more diets freely.
Finally, the relation of GI and GL to plasma triglycerides is of interest. In IRAS women (and in the combined sample), GL and total carbohydrates were associated with increased levels of triglycerides. This finding confirms work conducted in women, 10,13,14 though we did not observe the previously reported association of GI with triglycerides.
14 In men, no association of GI or GL was present with triglycerides, similar to a study limited to men. 15 In a previous study, we had identified specific food groups explaining a large proportion of variation in dietary GI and GL. 16 We therefore included this new aspect of carbohydrate nutrition in the present study by evaluating carbohydrate-related food group intake associated with lipid levels. All 14 food groups were considered simultaneously in these analyses, which were additionally adjusted for total energy intake. In general, the carbohydrate-related food groups were associated with lipid levels in the predicted direction, i.e. higher intake was associated with a detrimental lipid profile. Genderspecific patterns emerged. In men, regular soft drinks exhibited the highest potential to affect total, LDL, and HDL cholesterol. Also in men, HDL cholesterol was found to be associated with a range of other food groups, including fruit juice and pastry intake. In women, we identified the food groups rice/pasta and pastries to be associated with ß values are shown for ln (total cholesterol), ln (LDL-cholesterol), ln (HDL-cholesterol), and ln (triglycerides) for a one serving increase in food group intake in a multivariate model adjusting for age, ethnicity/clinic, smoking, total energy expenditure, family history of diabetes, hypertension, BMI, glucose tolerance status, lipid-lowering medication and total energy intake, and all other listed food groups.
total and LDL cholesterol levels. Fruit-juice intake was positively and significantly associated with triglycerides in women in a similar order of magnitude as in men, though in the latter group this association did not reach statistical significance. In interpreting these findings, it is critical to recognize that only carbohydrate-containing food groups were considered given our focus on GI and GL, hence while we adjusted for total energy intake, larger dietary patterns might not have been considered here.
Our study differs from previous work in a number of ways. Because the GL is mathematically derived from both GI and the amount of carbohydrate intake, 26 it is informative to evaluate the concepts of GI and GL in parallel with carbohydrate intake. Only one previous study of lipid levels has also considered carbohydrate intake in addition to GI and GL. 10 In IRAS, we found high levels of consistency in the magnitude, direction, and level of statistical significance of associations of both GL and carbohydrates with the respective lipids, independent of energy intake and a variety of confounders. Note that in previous IRAS work on measures of adiposity, insulin sensitivity, and insulin secretion, associations of GL and carbohydrates were explained entirely by confounding due to correlated energy intake. 27 In our data, we found less consistency between findings on GI and GL. This is in contrast to previous reports that had indicated agreement between GL and GI. 10, 11, 13 Several limitations apply to our study. The present study, similar to all other published observational studies on GI and GL in relation to lipid levels, was cross-sectional in nature. In addition, the IRAS FFQ, as most others, was not developed with GI or GL estimation in mind, thus no validation data for dietary GI estimation exist. The IRAS FFQ was validated in a multi-ethnic sub-sample of the IRAS population with respect to nutrients including total carbohydrate intake and fractions of carbohydrates (fructose, starch). 19 Pearson correlation coefficients for FFQ carbohydrate estimates compared with eight 24 h recalls were moderate at r ¼ 0.39 unadjusted (r ¼ 0.37 adjusted for energy). However, validity differed substantially across ethnic group and centre, ranging from r ¼ 0.25 in rural Hs, r ¼ 0.39 in urban AAs, and r ¼ 0.64 in urban NHWs. These findings are highly comparable to other work indicating lower levels of validity in minority populations. 28, 29 The results of our study need to be interpreted with caution in light of this limitation. Recognizing that subgroup analysis may not have had sufficient statistical power and therefore focusing exclusively on the magnitude and direction of the point estimates, it was reassuring to note that analyses stratified by ethnic group would not have changed our conclusions.
In conclusion, both dietary GL and carbohydrate intake were related to lipid levels in our combined study population. In addition, gender-specific relations were observed that were in part mirrored in associations with specific food groups. GI was inversely associated with HDL cholesterol in the overall population. In summary, this study underscores the importance of overall carbohydrate nutrition for plasma lipid levels.
